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A STUDY OF INTERNAL DRAG OF SMALL-SCALE

DUCTS AT MACH NUMBER 4

By Lawrence A. Graham and Lynn W. Hunton
Ames Research Center

ABSTRACT

An experimental investigation has been made to examine the applicability
of methods used to determine internal drag of small ducts and to study
some of the problems encountered in assessing momentum losses in such
ducts. Test Mach-number ranged from 3.7 to 4.4 at angles of attack of
o and 5 degrees and at a constant Reynolds number of 4.3 million per
foot. The configurations represented small ducts used to simulate
external aerodynamics of airbreathing propulsion systems and consisted
of wing-nacelle models of ducts with circular, square, and rectangular
inlets and with a two-dimensional inlet.
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SYMBOLS

area

inlet capture area

critical speed of sound

wing span

internal-drag coefficient,irtte~aldtag
qco

total drag indicated by a balance

internal drag

length

duct exit Mach number

free-stream Mach number

duct exit mass flow

duct inlet mass flow

free-stream mass flow = p V Aa. co 00

total number of annuli being considered

annulus identification (where n=O indicates duct longitudinal

center line)

PB base pressure

PeR flexure chamber pressure

p duct exit static pressure

Poo free-stream static pressure

PI duct exit static pressure at the median radius of annulus n

Pt free-stream total pressure
co

Pt duct exit total pressure upstream of probe bow-shockwave
I

p' duct exit total pressure downstream of probe bow-shockwave
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F

o

p

duct exit total pressure downstream of probe bow-shockwave

measured at the median radius of annulus n

duct exit total pressure downstream of the probe bow-shockwave

measured at the duct wall

tree~tream dynamtc pressure

Reynolds number per foot

median radius of annulus n

maximum duct radius

2
reference area, 0.785 in.

2seal area, 0.247 in.

2base area of inner sleeve, 0.131 in

duct exit velocity

free-stream velocity

distance measured parallel to the duct exit longitudinal

center line

angle of attack, referenced to duct exit longitudinal center line

gas constant

boundary layer thickness

mass density at the duct exit

radial increment

force

at duct longitudinal center line

pressure

Superscripts:

- (bar) average value
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A STUDY OF INTERNAL DRAG OF SMALL-SCALE

DUCTS AT MACH NUMBER.4

By Lawrence A. Graham and Lynn W. Hunton
Ames Research Center

SUMMARY

Flow characteristics near the exit of the ducts of several sma11
scale wing-nacelle combinations have been experimentally investigated
in the Mach number range between 3.7 and 4.4 at angles of attack of 0
and 5 degrees and a constant Reynolds number of 4.3 x 10 6 per foot.
The purposes of the investigation were: 1) to examine the applicability
in the supersonic speed range of methods that have heretofore been used
to assess internal drag of small ducts used to simulate external aero
dynamics of airbreathing propulsion systems; 2) to determine the major
problems encountered in assessing momentum losses in small ducts; and
3) to develop methods which may be used to precisely identify flow charac
teristics in small ducts at speeds extending into the hypersonic speed
range.

The results showed that detailed pressure surveys are required to
accurately define the flow characteristics near the exit of most of the
configurations studied for the conditions of this investigation. A cir
cular duct at a - 0 was the one exception.

The results also showed that the internal drag of a duct with a
circular inlet and exit could be successfully obtained from direct force
measurements on an internal sleeve in the model. Internal-drag coeffi
cient determined from detailed pressure surveys and momentum relationships
near the exit of the model is in good agreement with force results. In
ternal-drag coefficient determined from skin-friction calculations on the
internal surface of this duct and a duct with a square inlet and exit
agreed reasonably well with force results. It was found that interna1
drag results determined from momentum relationships are very sensitive
to errors in total-pressure measurements.

INTRODUCTION

A continuing need exists for aerodynamic research at supersonic and
hypersonic speeds to provide data for airbreathing aircraft configurations
for realistic appraisal of the future potential of such vehicles. At
these speeds it is essential that wind tunnel models represent flight
vehicles in all ~heir principle details for proper assessment of the
external aerodynamics. However, not only must external flow fields of
flight vehicles be duplicated as nearly as possible but the internal flow
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in wind tunnel models must be accurately accounted for to properly assess
external aerodynamics. The internal drag of small ducts used to simulate
external aerodynamics of airbreathing propulsion systems on airplane con
figurations may be large in comparison to the total external drag. For
such cases internal drag cannot be neglected as it has been sometimes
where the internal drag is relatively small at lower speeds but must be
accurately determined if external aerodynamic parameters are to be properly
assessed.

The problem of simulating external aerodynamics of full-scale con
figurations with small-scale wind tunnel models has long since been recognized,
particularly when engine ducting is accommodated. The problem is further
complicate4 when the ducts are small since precise determination of flow
characteristics in ducting becomes increasingly difficult as size of
ducting becomes smaller. The purposes of this investigation are: (1) to
examine the applicability in the supersonic speed range of methods that
have heretofore been used to determine internal drag of small ducts
used to simulate external aerodynamics of airbreathing propulsion systems;
(2) to determine the problems encountered in calculating momentum losses
in small ducts and; (3) to develop methods, either experimental and/or
analytical, which may be used to precisely identify flow characteristics
in small ducts at speeds extending into the hypersonic speed range.
Data are presented for several wing-nacelle combinations with different
geometry. Tests were conducted at Mach numbers ranging from 3.7 to 4.4
with a Reynolds number of 4.3 x 10 6 per foot and angles of attack of 0
and 5 degrees.

APPARATUS AND TESTS

Wind Tunnel

Tests were conducted in the Ames 1- by 3-Foot Supersonic Wind Tunnel
which is a continuous flow facility with a Mach number range from about
1.5 to 6.0. Free-stream Reynolds number may be varied between about
3x10s and 9x10 6 per foot.

Models and Equipment

Models which were used in this investigation are illustrated in
figures 1 and 2. The configurations included two circular ducts, a
square duct, a rectangular inlet duct, and a 2-dimensiona1 inlet duct
with ramps. The latter two ducts had simulated wing planes extending
ahead of the inlets. This provided simulation of the flow field and
boundary layer ingestion from a wing. A simulated wing plane was used
with all models so the geometry at the exit of all the ducts (model base)
would be the same except for the square duct. With this one exception,
all models had circular exits 1 inch in diameter, but all exit areas
were equal.
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The two circular inlet duct models were essentially identical in
internal and external geometries. One was a constant diameter cylindri
cal duct with a sharp leading edge with an exterior wedge angle of 10
degrees (see figures 2(a) and (b». The second model, hereafter referred
to as the force model, is shown in an isometric sectional view and a
photograph in figures 3(a) and (b), respectively. This force model had
a constant diameter internal sleeve, beginning 1/2 inch downstream of
the inlet lip. This sleeve was supported separately from the outer
wall of the model on flexures which were instrumented with electrical
strain gages. A thin flexible diaphragm at the base of the model pre
vented flow between the inner sleeve and the outer wall of the model.
The models were sting supported from the base as shown in figure 3(a).
Pertinent dimensions are shown in figure 3(c). Pressure probes were
also supported near the base of the model as shown in figure 3(a). A
mechanism provided movement of the probes from wall-to-wall of the duct
exits along any axis normal to the duct longitudinal center line and
+180 degrees roll about the longitudinal axis of the probe support. The
square duct model had a constant area from inlet to exit which was equal
to the circular exit areas of the other ducts. Photographs and pertinent
dimensions of this model are presented in figures 4(a), (b) and (c).

A photograph of the rectangular inlet duct model is shown in figure
5(a) and pertinent dimensions are given in figure 5(b). The inlet cross
section was constant from the lip to a point approximately 1.4 inches
downstream after which the transition from a rectangular to a circular
section was made in 4.6 inches.

The two-dimensional inlet duct with ramps is shown photographically in
figure 6(a) and schematically with pertinent dimensions in figure 6(b).
Three configurations of this type were investigated (only one shown).
Transition section length 1 between the inlet and circular section of the
duct was different for each model as shown on figure 6(b). Except for
the transition lengths, the three models were identical.

Tests

Detailed static- and total-pressure surveys were made across each
duct in a plane one-half inch upstream of the duct exit instead of the
exit plane in an effort to avoid possible base interference effects.
Surveys extended from wall-to-wall along the vertical, 45°, and
horizontal axes in a plane normal to the duct longitudiga1 axis. Static
pressures were also recorded from orifices spaced at 90 . increments
around the wall of the duct (vertical and horizontal axes) for all
except the force model. Base pressure for all models and flexure-chamber
pressure for the force model were measured for all runs.

Axial forces on the internal sleeve of the force model were obtained
from electrical strain gages mounted on supporting flexures. Tests
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were conducted at angles of attack of 0 and 5 degrees primarily at a
Mach number of 4.06 and a Reynolds number of 4.3 million per foot.
A limited number of tests were made over a Mach number range from about
3.7 to 4.4. Tunnel total pressure was held constant for all runs at
49.1 psia.

Corrections

Axial forces on the internal sleeve of the force model, flexure
chamber pressure, and base pressure were all measured simultaneously. The
force on the balance Dbal was then corrected for the differential pres
sure across the sleeve seal at the model base and for the sleeve base
pressure to obtain the internal drag.

D ~ D - (p -p)S + (p -p )Sbal CH B seal B ~ sleeve
(1)

Base pressures determined at seven locations as shown in figure 7 are
essentially constant. Therefore, all base pressure corrections are based
upon only the two pressures measured on the vertical centerline axis.

Results

Results from experimental pressure measurements for the various
models are presented in figures 8 through 15. Static- and total-pressure
distributions (p and p') are shown in figures 8 through 11 for M = 4.06,

~

a = O. Distributions of exit Mach number M determined from measured
pressures are also shown for these models for M = 4.06, a = 0 in figures

~

8,9 and 11. Static- and total-pressure distributions for M = 4.06.o ~

a = 0 and 5 are shown in figure 10.

Experimental results over a Mach number range from about 3.7 to
4.4 are presented for the circular models in figures 12 through 14.
Results obtained from the force model over this Mach number range at
a = 0 and 50 are presented in figure 12. Skin friction drag calculated
for the internal surface of the circular duct is also shown in this
figure. In figur~13 and 14, distributions of measured static- and total
pressures (p and p' respectively) are shown for the circular force model
at a = O. In table I internal drag obtained from the circular force
model is compared with internal drag calculated from pressure survey
measurements using several methods of data reduction (described in the
Discussion Section) for M = 4.06, a = O.

~
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DISCUSSION

General Flow Characteristics

Data for the circular and square ducts shown in figure 8 indicate
essentially s~etrica1 flow about the duct longitudinal center line
(vertical, 45 0 and horizontal axes) for the circular duct and vertical
and horizontal for the square duct. Later in this report it will be
demonstrated that this uniformity makes the accurate determination of
exit momentum relatively straightforward for the circular ducts. How
ever, for the square duct the flow characteristics are not completely
defined in the duct corners which makes the determination of the exit
momentum less accurate than for the circular ducts. For the models
with a rectangular or a two-dimensional inlet, lack of flow symmetry
near the exit is quite pronounced as seen in figures 9, 10(c), and
10(d). This characteristic greatly complicates the determination of
exit momentum because much more detailed pressure measurements are
required to adequately define the flow. Since static pressures from
the duct-wall orifices (see Tests) and from the static-pressure probe
near the wall were found to be in good agreement, data from the wall
orifices are not presented in this report.

Determination of momentum near the exit of the ducts may be further
complicated by changes in angle of attack as illustrated in figure 10.
Flow characteristics for the models are shown along vertical and horizon
tal axes at a ~ 0 and 5°. Flow distortion for the circular and square
ducts is considerably greater at a = SOthan at a = 0, particularly
along the vertical axis (figs. 10(a) and (b». The flow is no longer
symmetrical about the duct longitudinal center line even at this rela
tively low angle of attack and accurate determination of momentum requires
detailed pressure surveys. Pronounced changes in pressure distribution
across the duct are also found for the models with rectangular and two
dimensional inlets at a = 50 (fig. 10(c) and (d». At a = 0 the static
pressure distributions across the duct are seen to be nearly constant for
these models. However, at a ~ fthese static-pressure distributions are
considerably distorted along the horizontal as well as the vertical axes.

Effects of Internal Geometry

Effects on flow distortion that can be generated by variations in
internal geometry, such as transition from rectangular to a circular
section, are illustrated in figure 11. Shown in this figure are distribu
tions of static-pressure ratio and Mach number across the exit for the
2-D inlet duct. The length of the rectangu1ar-to-circu1ar transition
section has been systematically varied for these models.
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It can be seen that flow distortion near the exit decreases as
the transition section length increases from 3.5 to 5.5 inches and the
length of the constant diameter section decreases from 6.0 inches to
4.0 inches. The measured static pressure-ratio distribution along the
horizontal axis of the model with the longest transition section is
noticeably improved (nearly constant), and the distribution along the
vertical axis, is about the same as the other two models; for this con
figuration, the duct-exit Mach-number distribution tends more toward
pipe flow and symmetry about the duct longitudinal center line. These
results suggest that by properly proportioning the length of the tran
sition section some reduction in flow distortion may be achieved.

+nterna1 Drag From Force Measurements

As a basis for correlation with the pressure survey results, the
drag coefficient for the internal sleeve of the force model circular
duct was determined from the forces measured by strain-gage-instrumented
flexures supporting the internal sleeve. The internal-drag coefficient,
equal ,to ~0975 CD (shown in Table I), is an average of all force results

obtained in this Investigation at ~ ~,4.06 a = O. Results obtained
~. ,

from repeat tests were found to vary by as much as +4 percent (approximately
±.0040CD ) at a = 0 even though the test conditions, indicated by wind

Ftunnel instrumentation, were duplicated in every detail as nearly as
possible. Repeated measurements during any given run agreed within
+1 percent. Furthermore, these measured variations were always verified
when simultaneous pressure data were obtained. It would appear then that
the +4% variation is a characteristic peculiar to the wind tunnel and
duct-flow for each run.

Internal Drag From Pressure Surveys

An examination of figures 8, 13, and 14 for the circular ducts at
a ~ 0 shows the variation of static pressure p, total pressure p' and
Mach number M to be relatively smooth near the exit. Even so, it may
be shown that a wide range of internal-drag coefficient is obtained
from a given set of data depending upon the analysis procedure applied
to these da~a. Several data analysis procedures have been examined
for the following purposes: (a) to determine the detail required of
the pressure survey to adequately define the exit flow characteristics;
(b) to show the sensitivity of the accuracy of the final results to the
detail with which critical pressure regions in the flow are measured;
and (c) to illustrate the utilization of experimental data by various
data-reduction techniques. Results of this study are summarized in
Table I.

The equation for internal-drag coefficient customarily derived
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a = 0 and full capture mass
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(such as in ref. 1) can be written for

flow (m = 1.0) as:
m

00

2
C=2+~~-n 14M2

• 00

(2)

where Cn is based on Ac '

If static- and total-pressure distributions across the duct exit
are constant (as in a streamtube) with straight parallel streamlines then
a single measurement of static pressure and a single measurement of
total pressure could provide internal drag of the duct using equation 2.
However, the assumption of a uniform flow is not generally realistic for
viscous flows in ducts and, consequently, cannot be relied upon to
provide a realistic calculation of internal drag. An examination of
figures 8(a) and (b) shows that the exit distributions of pressures and
Mach number are far from constant for even the circular-duct models.
This indicates that it is difficult to define supersonic or hypersonic
internal flow characteristics with any degree of reliability without a
rather comprehensive flow survey.

Effects of Pressure-Measurement Errors

Errors in determining internal drag from experimental measurements
are primarily from two sources: (1) inaccuracy in determining point
values due to errors in measurement of static and/or total pressures and
(2) inadequate determination of distributions of static and/or total
pressures across the duct exit. To demonstrate effects of inaccuracies
of measurement of static or total pressure on the calculation of internal
drag, nominal conditions were assumed at the survey station which could
give a value of internal drag equal to that obtained from force measure
ments (Cn = .0975, p = .500 psia, M= 3.015) for Moo = 4.06 and a = O.
Static orFtotal pressures for the above exit conditions were then assumed
to be in error by a fixed amount and internal drag was computed using these
values in eq. 2.

The difference between the values of internal drag (computed from
pressures) and internal drag obtained from force measurements (~ - Cn )
for +1, +2, or +3 percent error in either measured static or total F
pressure-are shown, in figure 15. Exit Mach numbers Mcalculated from
incorrect pressures are also shown in figure 15 for each computed condition.

Effect of errors in static-pressure measurements on measured internal
drag is seen in figure 15 to be relatively insignificant for these
conditions. With a 3 percent error in measurement of static pressure,
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considered to be well within the accuracy of this investigation,
the error in internal-drag coefficient is seen to be about .0020 Qr
2 percent CD. This result also indicates that deviation from a straight

F
line in static-pressure distribution across the duct of 3% or less will
only slightly affect the results. Additional consideration of the effect
of this error can be found in the Appendix.

Errors in total-pressure measurements are shown in figure 15 to have
a considerable effect on internal drag results at these conditions. A
1% error in measurement of total pressure causes an error in interna1
drag coefficient of nearly .0200 (about 20 percent of internal-drag co
efficient determined from force measurements). The small amount of
scatter in experimental results, however, indicates that total-pressure
measurements were in error by less than one percent. For example,
a +0.2 percent error in total-pressure measurements causes an error
in-CD approximately equal to that of CD of +4%. The large effect of

P F
errors in total-pressure measurements on the calculation of CD in figure 15

P
points up the importance of a precise determination of total-pressure
distribution at the survey station to obtain reliable internal drag from
exit pressure measurements.

Comparison of Data-Analysis Procedures

Many fabrication and installation problems and the labor of obtaining
data associated with an all-moveable survey mechanism, such as used in
this investigation, can be reduced by using stationary pressure rakes.
However, the number of probes which may be accommodated in a particular
duct without adversely affecting the flow at the survey station must be
considered. For the data analysis procedures to be demonstrated in this
report it is assumed that a pressure rake could be designed with as many
as ten static- and ten-total pressure probes which would adequately define
the flow characteristics without affecting the flow. It is also assumed
that such a rake will yield data consistent with results obtained using
the traversing probe shown in figure 3 (i.e. negligible interference
between probes).

For each of the procedures examined, the duct exit area was divided
into several annuli. Each probe was hypothetically assumed to be
positioned on the median radius of each annulus (one static and one total
probe anywhere on the median radius) and includes a total-pressure probe on
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the duct longitudinal center line and a static orifice in the duct wall
at the survey station (partial schematic shown in sketch 1).

Total-pressure
probes

Static-pressure
orifice

Annulus
width

Sketch 1

wall

Static-pressure
probes

Annulus width

Pressures over a given annulus were assumed to be constant. Based upon
these assumptions, internal-drag coefficients were calculated for several
stationary rake arrangements and data analysis procedures as discussed
in the following paragraphs. The force measurements previously discussed
are used as a reference.

Procedure 1. - Internal skin friction drag was calculated for the
circular duct aligned with the flow (assuming no internal shock waves). The
duct was treated as a flat plate of span b equal to the circumference of
the duct and of length 1 equal to the length of the duct. Thickness of
the internal boundary layer was determined from Prandtl's Reynolds number
relationships for boundary-layer thickness on a flat plate. Defining
boundary-layer thickness 0 as that at which the velocity is within one
p~rcent of its asymptotic limit, for a laminar boundary layer

(5)
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and for a turbulent boundary layer

(6)

Boundary-layer thicknesses at the survey station determined from equations
(5) and (6) are shown in figure l3(c). A comparison of the calculated
boundary-layer thicknesses with the measured pressure data indicates that
the internal boundary layer is essentially all-turbulent from duct inlet
to exit. Internal-drag coefficient (skin-friction drag only since this is
a straight constant area duct) computed for the all-turbulent condition using
the method in Appendix A of reference 2. This procedure can be seen
(Table 1) to give a result (Cn ~O.0886) that is approximately 11 percent
below the reference internal-arag coefficient value.

Procedure 2a - The data analysis technique applied here was to
divide the duct exit area into five annuli by dividing the duct radius into
five equal increments (IJ.r = r / 5 = 0.1 in.). Five static- and fivemax
total-pressure probes were assumed to be positioned on annuli median
radii as previously described. These pressures were weighted according to
the percentage of the total area over which the probe defined the pressure
(area-weighted) and then the average values were computed from

n Pn
(7)p := E -() n

En
pI

pI := -!l (8)
0 n

Resulting CD computed from these average values and equation (2) is

shown in Table 1 to be less than half of the average value obtained from
force measurements. Since equation (2) is relatively insensitive to errors
in static pressure (see fig. 15) the lack of agreement is primarily due
to the inaccuracy in the average total pressure p' that is derived from
this method.

Procedure 2b - Here Procedure 2a is repeated for an assumed stationary
rake with ten static- and ten total-pressure probes which are area-weighted
and then averaged. Cn obtained from this procedure is shown in Table I

to be approximately one-third the value determined from force measurements.
These results would indicate that this procedure gives a total pressure
which is too high in comparison to the value needed for good agreement with
the force result (see fig. 15). The final result appears to be highly
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sensitive to the positioning of the annuli in relation to the
regions where the gradients in total pressure are high, such as near
the wall.

Procedure 3a - The mathematical area-weighting process of Procedure 2,
may be accomplished by positioning each probe of the rake on the median
radii of equal-area increments. Assuming this technique is used in the
design of a stationary rake with five static- and five total-pressure
P;OPBS, then following the computation methods of Procedure 2, a value of
CD is obtained that is about one-third greater than the result obtained

from force measurements (see Table I). Hence, the resulting average total
pressure from this procedure is apparently too low to provide agreement
with the force results:

Procedure 3b - The technique followed in Procedure 3a was repeated
assuming ten static- and ten total-pressure probes in the stationary
rake. C from this procedure is shown in Table I to be nearly two-thirds
greater ~han the result obtained from force measurements. l This would
indicate the average total pressure obtained from this procedure is
again too low.

. Procedure 4 - In instances where several pressures are required to
adequately identify the flow characteristics over a particular region,
each pressure may be considered as representing conditions for a
stream tube in the flow. Since the change in momentum in each streamtube
is the internal drag of the streamtube, integrating these changes over
the area of interest provides a measure of the internal drag.

From Appendix A of reference 1 internal drag D of a streamtube,
aligned with the freestream (a = 0) may be written in terms of momentum and
pressure of the internal flow at the relevant flow station as

(9)

By assuming m = m =m~ and total temperature remains constant through
out the flow 1a* then remains constant) we can write for each streamtube:

(10)

I This discrepancy, which is greater for procedure 3b than for 3a
where fewer probes were assumed, is apparently associated with the
sensitivity of the area-weighting analysis and is not completely understood.
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This computational procedure was applied to the data obtained
from the detailed pressure survey shown in figure 8(a) for the circular
duct force model. The internal-drag coefficient computed in this manner
(using all the measured pressure~ is seen in Table 1 to agree exactly
with the force measurement for this model. Comparison of the results
using this streamtube analysis method with the preceding methods in
volving the determination of an average effective pressure are included
in Table I. For these comparisons the internal-drag coefficient was
computed using this computational method for the stationary rake geometries
described in Procedures 2 and 3 (stationary rakes with either 5 or 10
static- and total-pressure probes). That is, each probe was considered
to represent conditions for streamtubes contained in that particular
annulus, and it was assumed that conditions over each annulus were
constant. Differential area dA in equation (10) was equal to the area
of the annulus represented by each individual probe.

Procedure 5 - It may be noted from figures 8, 13, and 14 that the
distribution of static-pressure determined from the detailed survey for
the circular duct is nearly linear from the center to the wall of the
duct. Similarly, total-pressure distributions from the duct center to

approximately ~ Q +0.3 and fro~ ~ = +0.3 to the duct wall are nearly linear
and may be approximated by straignt-line segments. Assuming pressure dis
tributions to be gymmetrical about the duct longitudinal center line,
equations for straight-line segments, and hence equations which approximate
pressure distributions, may be written if two values anywhere along
the line segments are known. For example, two total pressures between
r . r
d = 0 and say d = .25 (outside the boundary layer) would ber~quired for
,. r max
one line segment and two total pressures between d = .35 and --d-- = 0.5

(inside the boundary layer) would be required for the other line segment.
Since static pressure at the duct wall is equal to total pressure at the
wall, as few as three total-pressure probes, one static-pressure probe
and a static-pressure orifice in the duct wall would provide sufficient
data to approximate static and total pressure at any point across the
circular duct in the survey plane. This procedure was applied to ex
perimental pressure data obtained in this investigation for the circular
duct at M = 4.06 and a = O. Static and total pressures were computed
for ten equal-area annuli and internal drag computed using equation (10).
The result, shown in Table I, is in good agreement with the result obtained
from force measurements. The CD value shown is an average value from
several runs which includes the +4% scatter as previously discussed, but
for any given run, results from simultaneous force and pressure measurements
agreed withirt +1 percent. A sample calculation, including equations used
in this procedure, is presented in the Appendix of this report.
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Effects of Mach Number

Effects of Mach number on the internal-drag coefficient obtained from
force measurements are shown in fiaure 12 for Mach numbers between 3.7oand 4.4 for angles of attack of 0 and 5. An estimate of the skin friction
on the internal surface of the model over this Mach number range was
made as described previously and is also shown in this figure. The
difference in drag coefficient level (average of about 11 percent for
a • 0) between force measurements and skin friction calculations may be
attributable at least in part to the fact that the calculations account
only for friction losses and do not consider possible shock loss effects
on the internal surfaces of the model. The experimental force data
generally follow the trends indicated by skin friction estimates over
this Mach number range at a • O. Increasing angle of attack from 0 to
5 degrees increased the measured internal drag approximately 16 percent.
Some indication as to the reason for this drag increase can be seen in
the results of figure 10(a). A marked increase in flow distortion is
shown when angle of attack is increased from 0 to 5 degrees at ~. 4.06
and is indicative of an increase in drag.

The computed internal-drag coefficients CD shown in figure 12 were
obtained from the data from figure 14.2 Procedure 5, described in detail
in the AppendiX of this report and procedure 4 were followed for these
computations. Differences between the computed values for procedure 5
and force measurements (as much as 11.25% at M = 3.90) are due, at least
in part, to the inadequacy of the linear approximations of procedure 5
to predict the static- and total-pressure distributions as shown in
figures 13 and 14. Even so, these results are generally in better agreement
with the force measurements than are the skin-friction results. It can
be reasoned that procedure 4 should agree better with the force measure
ments since the pressures are surveyed in greater detail. However, this
was not the case when 3 axes were included in the calculations as in
dicated in the figure, or even with 6 axes as shown for Mach number 4.37.
These results would seem to indicate the relatively great sensitivity of
the calculations of ~ to the selected procedure.

When comparing the drag results obtained from force measurements at a~O

in figure 12 with the cqmputed _r~sUlts-,from the pressure measurements of
~1,gure 14 (procedures 5 and 4 -a- = 01, :tt is tmportant totlote that
these- measurements were'not ma!e simultaneously. Differences in these
results (as at M • 3.9) are of the same order as those found from run to

CD

run (+4%) as previously discussed. Then these differences between force
measurements and computed results from pressure measurements may only
indicate changes in flow conditions in the duct from run to run due to
varying airstream flow conditions in the wind tunnel.

ZAttempts to calculate the internal draa of the circular duct model at a • 5
degrees, using the methods demonstrated in this report, were unsuccessful
due to the flow distortion and lack of detail in the flow surveys. This was
also the case for the other model. of this investiaation at a. 0 and 5,degrees

(see fig. 10). Therefore. no re.ult. are pre.ented for the.e cases.
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Mach number effects on the static- and total-pressure distributions
across the circular duct are shown in figures 13 and 14 for a = O. Other
than the expected differences in magnitude, (see fig. l4(a», the
distributions of total pressure pi from the duct longitudinal center line
to the wall generally follow the same trends for each of the test Mach
numbers. Inflections noted in the distribution of the measured static
pressure p (fig. l4(b) at lower Mach numbers tend to dissipate with
increasing Mach number.

CONCLUSIONS

Flow characteristics near the exit of several small scale ducts, de
signed to simulate the external aerodynamics of nacelles of airbreathing
propulsion units, have been studied in the wind tunnel at Mach numbers
from 3.7 to 4.4 for angles of attack of 0 and 5 degrees. From this study
the following conclusions have been drawn:

1. For a constant diameter straight circular duct with free stream
flow at the inlet and a supersonic exit:

(a) Flow near the exit is symmetrical about the duct longitudinal
center line at a m 0 degrees but considerably distorted
at a = 5 degrees.

(b) Area weighting and averaging of static and total pressures
measured at either five or ten equal increments across the
duct near the exit provides a measurement of internal drag
of the duct at a = 0 which does not agree well with results
obtained from force measurements.

(c) An arithmetic average of either five or ten static- and
total-pressure measurements, obtained for equal increments
of the exit area, provides internal drag results for this
duct at a = 0 which do not agree well with results from
force measurements.

(d) Integration of internal drag of streamtubes within the duct
(either five or ten of equal area), as determined from static
and total pressures measured at the median radius of each
streamtube, provides an internal drag for this duct at a = 0
which is in good agreement with results from force measure
ments.

(e) Flow characteristics near the exit of this duct at a • 0
may be identified by as few as three total-pressure probes,
one static-pressure probe and a duct-wall static orifice,
if they are carefully located. Internal drag of this duct
at a • 0 may be computed from a method demonstrated in
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this report and will be in good agreement with results from
force measurements obtained simultaneously.

(f) Irregularities in static- and total-pressure distributions
across the duct decrease with increasing freestream Mach
number at a • O.

(g) A reasonable estimate of internal drag of the duct can be
made at a • 0 based on boundary-layer theory for a flat
plate provided the boundary layer conditions inside the duct
can be determined.

2. For all configurations of this investigation:

(a) Neither static- nor total-pressure is constant across the
duct at a • 0 or 5 degrees.

(b) Detailed static- and total-pressure measurements near the
duct exit are required to define the flow characteristics
through the duct to determine internal drag of the duct with
any reasonable accuracy.

(c) Internal drag results obtained from pressure surveys are very
sensitive to errors in total-pressure measurements and
rather insensitive to errors in static-pressure measurements.

(d) Flow characteristics near the duct exit show a pronounced
change for a 5 degree change in angle of attack.

(e) Flow distortion near the exit of the ducts is sufficient
at a • 5 degrees to require considerably more detailed
pressure surveys than at a • 0 to accurately assess momentum
at the exit.
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APPENDIX

In Procedure 5 of the Discussion, a method was described for
calculating the internal drag of a circular duct. The procedure was
based upon the use of a minimum number of orifices discretely
located in the duct exit region. The purpose in this Appendix is to
demonstrate the method by showing the details of the computations
used therein. A comparison will be made between results obtained from
this approximate procedure and from force measurements. Pressure
measurements used in these calculations and force measurements were made
simultaneously.

Internal drag of the circular duct at a = 0 will be calculated using
a portion of the experimental data presented in figure 13(c). These
static- and total pressure distribution curves will be approximated
assuming a stationary rake with a geometry which places total-pressure

r 2r
probes at r • 0, ;ax, and 3max Static pressures will be assumed to

rmaxbe at 3 ,and also at the duct wall where static and total pressures

are equal. The assumed placement of probes was determined from knowledge
gained from calculation of boundary layer characteristics at the survey
station as shown in figure 13(c). For this example 10 equal area annuli
(streamtubes) will be considered. Since eadhannu1us is considered as a
streamtube, the conditions at the center line or mean radius of the
annulus must be defined. Accordingly, the area and mean radius for any
annulus in the survey plane is defined as follows:

Atota1
~ = An = N = Ct (see sketch A-1) (A1)

where

A = area of annulus
n

A 1 = duct exit areatota
N • total number of annuli being considered
C = circumference of annulus n at the median radius
t • thickness of annulus n
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Sketch A-l

The median circumference of annulus n is

c • 2'11' r c
n

r • median radius of annulus n.cn

and the thickness of annulus n is

t • r" - r'

r" • outer radius of annulus n

r' • inner radius of annulus n

An

Annulus n

(A2)

(A3)
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Duct wall

segment 1

segment 2

2rmax
3

r max
-3-

o

Po

• Computed total I
pressure P02

0 Measured total
pressures

0 Measured static
pressures

• Computed static
pressure

• Computed intercept

r1 = 1/3' r max
r2 = 2/3 r max
r s = r max

Sketch A-2
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The median radius of annulus n is

(r
ll

- r')r .. r' + -..,...........-
c 2
n

Combining ~l). (A2). (A3) and (A4) we have

A .. 2nr t. constant
n c

n

(A4)

A • 2nn
(AS)

Beginning with either the innermost annulus r' = r .. O. or with the
outermost annulus r" .. r • the r for each annulus mgy be calculated.max c

n

Referring to sketch A-2 equations for line segments approximating
static- and total-pressure distributions may be written in terms of ex
perimentally determined pressures obtained from probes located as
previously assumed. The equation for the line approximating static
pressure distribution is

p .. m r + p (A6)
where s 0

p .. exit static pressure

m .. slope of the line representing static-pressure-distribution
s

r • radius to any point

p .. intercept • exit static pressure at the duct longitudinal
o center line (r .. 0)

The slope of this line is

m =
(pw -

s (rmax

Pw .. static pressure at the duct wall

Pl .. static pressure at r l

Combining (A6) and (A7)

D Cw -Pl ) r + pp r - r
max 1 0

(A7)

(AS)
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To determine the intercept p
o

(A9)

Combining (AS) and (A9)

P • (::: ~\) (r - rmax) + Pw

Then static pressure at the median radius of each annulus is

(AlO)

(All)

The procedure used for determining equations which approximate
static pressures may also be used for total pressures. As previously
discussed, total-pressure distribution is approximated by two straight
line segments and, therefore, equations for each line segment are re
quired (sketch A-2). Let

pi • total pressure at the duct center line r = 0 (intercept)
0 1 for line segment 1

pi = total pressure at the duct center line r = 0 (intercept)
O2 for line segment 2.

p~ • total pressure at r l on line segment 1
n

l

p~ = total pressure at r 2 on line segment 2
n 2

pi • total pressure at r 3 • r on line segment 2r mun3

r i • radius to the intersection of line segments 1 and 2
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The equation for pressure at any point in line segment 1 (Sketch A-2)
may be written as

p'
r
n

(A12)

P~ • exit total pressure at r l on line segment 1
n n

ml • slope of line segment 1

r 1 • radius to any point on line segment 1
n

,
Pal • total pressure on the duct center line (r • 0) for line

segment 1

The slope of this line segment is
p. ,

r - Po
n1 1

m = , r • 01 r - r a1 a

'the value of p' is determined from experiment.
0 1

and (A13)

(' p' )
r - a

p'
n1 1

+ p' for= r l .. r 1r r 1 0
1n n n

Similarly for any point on segment 2

p' • m2
r

2 + p'r O2n n

(Al3)

Then combining ~12)

(A14)

(A15)

P~ • exit total pressure at r 2 on line segment 2
n n

m
2

= slope of line segment 2

r
2

• radius to any point on line segment 2
n

p' a total pressure at the duct center line, r • 0 (intercept)
O2 for line segment 2

The slope of line segment 2 is
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p' p'r - rn3 n2m2 •
( rmax - r 2 )

The intercept of line segment 2 is determined from
p' - p' p' - p' p' - p'w r n2 w O2 w O2• •r - r 2 r - r rmax max 0 max

(Al6)

or

=p' w (A17)

Combining equations (AlS), (A16) and (Al7)

p'
r
n (

p~ - p~ )
• n3 n2

r - rmax 2
r + p' 
n w (AlB)

The intersection point of curves representing total-pressure distribution
is required in order to select which equation to use in computing the
total pressures for each annulus. {Equation (A14) for r < r

i
or

equation (AlB) for r
2

> rio At this intersection point t i , equation
(A14) and (AlB) are equal. Then

p' • p' at r i andr l r 2

ml r i + P~l • m2 r i + P~2

so

(A19)

The final equation to compute total pressure at the median radius of
each annulus (stream-tube) for line segment 1 (rc < r i ) is

~
p~ - p' )nl 0 1p' r + p' (A20)cl r

l
cn 0 1
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and

(A2l)

With these equations a value for static and/or total pressure may be
computed at any point across the duct in the survey plane assuming flow
is symmetrical about the duct longitudinal center line.

Once static and total pressures have been determined at the median
radius of each annulus in the survey plane, internal drag or change in
momentum between the duct inlet and the survey plane may be determined for
each streamtube. Inlet conditions are determined from free stream con
ditions and we proceed as in reference 1, Appendix A.

D· miVi - L(p - p. +p.V
2

) dA

for small angles of attack ( a ~ 0).

(A22)

For full capture at the inlet and no boundary layer bleed in the duct

mi = m. • m = Lp V dA

Combining equa~ions (A22) and (A23) and noting Vi

D = Lp V V.dA - t (p - p. + P V
2

)dA

Since p v
2

= yp M2

equation (A24) can be written as

D = t ~) V.dA- L(p - P.,; + ypM2)dA

Regrouping:

... V
co

(A23)

(A24)

(A25)

(A26)
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and D = fA P [( YM
2

) ~oo - (1 +YM
2

)] dA + Poo A (A27)

By assuming total temperature remains constant, the critical speed
of sound a* remains constant.

Then

D= fA P (A28)

*where (V la ) = f(M ) and (V/a*) • f(M), (ref. 3). Now for
00 00

annulus n

(A29)

(A30)

c =
D

M = duct exit Mach number· f (pIp')
A = area

p = static pressure at the survey station for annulus n

p' = total pressure at the survey station for annulus n

Y = gas cons tant

Then for the complete duct

I::D
qooS

(A31)

Inputs required for the computation and values used in this example
of procedure 5 are as follows:

Inputs

(1) Moo 4.06

(2) Pt 49.12 psia
00

(3) Poo 0.299 psia

(4) A 0.7854 wq. in.

(5) Ai 0.7854 sq. in.
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(6) d 1. 000 in.

(7) r 0.500 in.max

(8) p' 8.15 psia
0 1

(9) p' 8.65 psia
O2

(10) r l r
;ax ... 0.167 in.

(11) pi 7.75 psia

(12) 2 r 0.333 in.r 2 3
max ...

(13) p' Cl p' 0.540 psiar wn3
(14) r 3 0.500 in.

(15) Pl 0.497 psia

(16) Pw 0.540 psia

(17) N 10
\' M 2(18) qex> y Pclo: ex>
2'

(19) S 0.7854 sq. in.

(20) y 1.4 for air

Steps in the computation are as follows:

STEP OPERATION EQ. NO.

1 Compute A (Al)n
2 Compute r (A4)cn
3 Compute m (A7)

s

4 Compute p (A9)
0

5 Compute p (All)cn
6 Compute ml (Al3)

7 Compute m2 (Al6)
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STEP OPERATION EQ. NO.

8 Compute p' (Al7)
°2

9 Compute r i (A19)

10 Compute p' for r < r
i (A20)c l cn

11 Compute p' for r > r
i (A2l)c2 c

n
12 Compute f (M') where M = f (pIp' ) (A30)

13 Compute D for each A (A3l)
n

14 Compute CD (A32)

The result from this computation for the cylindrical duct is
CD = 0.0987 which compares with a value of 0.0996 from force measure-

i
ments obtained concurrently with the pressure data. These values
differ slightly from those presented in Table I but are within the
variations from run to run cited in the Discussion Section.
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TABLE I
CIRCULAR DUCT

M = 4.06, a = 0
co

Pt = 49.1 psia
co

Reference internal-drag coefficient CD = .0975
F

PROCEDURE . . .. . . CD ...

10 Skin-Friction .0886, ,
2a 5 Static- and 5 total- .0462 .1000

press. probes, equally
spaced, area-weighted.

2b 10 static- and 10 total- .0311 .1238
press. probea, equally
spaced, area-weighted. >eq. C2l

3a 5 static- and 5 total- .1295 .0907
press. probes, equal-

>eq(lO'area spacing.

3b 10 static- and 10 total- .1578 .0901
press. probes, equal-
area spacing.

4 Detail pressure survey .0975
from traversing probe.

s. Approximation method, .0987
linearized pressure •
distribution.



F
ig

u
re

1
.-

M
o

d
el

s.





:>
<!J

or<
>

'd
+' <!J

" 'd
0 '"H ~.

'""'
()

"H 0
<!J 0
+'
H
oj

50 (\J

I <!J
<!J H
<!J

~H

ES ""r<.
~

.n
~



In
nt

:..
r

sL
:e

v
c

D
uc

t
o

u
te

r
..,

,1
1

'\J I

~-
-

__
I
0

~
~ <>

B
as

e
p

re
ss

u
re

tu
b

e
F

le
x

ib
le

di
ap

hr
ag

m

F
le

x
u

re
-c

h
am

b
er

p
rc

sG
u

re
tu

b
e

S
ti

n
g

su
p

p
o

rt

~
F

ro
n

t
fl

ex
u

re

R
ea

r
fl

e
x

u
re

(a
j
I
~
o
m
e
t
r
·
c

~
e
c
t
i
.
o
n
a
l

vi
ew

F
ig

u
re

3
.-

C
ir

c
u

la
r

d
u

ct
fo

rc
e

m
od

el
.





3.
34

-I
1

1
.0

0
I~

1
0

°
--..

.....
.....

.

~
I

,
-
-
-
-
-
-
-
-
-
-
-
-

,.....
..

f-
-

!
-
-
-

.
~
-

-
-

-
-
-
-

-,
~

r
-
-
-

1
-
-
-
-

-
-

-
"1

..:
_

_
_

~
J

_
_

_
_

_
_

_
.-

J
L

.-
I
-

.....
..-
-
-

-=
--
~
.
~
-
-
-
-
-
-
-

~

N
o

te
:

A
ll

d
im

en
si

o
n

s
a
re

in
in

ch
es

ex
ce

p
t

as
n

o
te

d

-
-
-
-
-
-
-
-
-
-
-
~
-
-
-
-
-
-
\

--
-

t
-
-
-

1
2

.4
1

I-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-,

-
-
-
-
-
-
-
-
-
-
-

__
1

1
.0

0
di

am

(c
)

D
im

en
si

on
s

F
ig

u
re

3
.-

C
o

n
cl

u
d

ed
.



;, M
<]J <]J
.~ 'd,. 0

EO
+'
<: +'
0 ()

H "eH '0

H OJ
<]J H
+' oj
H "M 0'

" (!)
0'
J

<]J
<]J ..J-
H

f, <]J
H

~ G'o
<lJ .r<
~ Ii<





I-
1

1
.0

0
-I

N
o

te
:

A
ll

d
im

en
si

o
n

s
a
re

in
in

ch
es

ex
ce

p
t

as
n

o
te

d

3.
34

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
-
L

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
r

12
.4

1
.10

.8
9

(c
)

D
im

en
si

on
s

F
ig

u
re

4
.-

C
on

cl
ud

ed
.



+'
()

;. ::>
(lJ 'd.....
:> +'

(lJ

+' <!0:
0 .....
H
'H H

til
H rl
(lJ a+'
H 0:
til tilg. +'

()
I (lJ

(lJ p:;
(lJ
H

~ '"
~ (lJ
ttl H
~ Ii,.....

"'"



-....
.....

....

_
_
~

_
1
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

_
_

r
-

--
h

,
_

_
_

-
L_

L
--

l-.
U

-
:
r
~
-

-
1

0
°

I
~

3
.3

4

N
o

te
;

A
ll

d
im

en
si

o
n

s
a
re

in
in

ch
es

ex
ce

p
t

a
s

n
o

te
d

--
--

--
--

--
-

T
1

1
.0

0
-
-
-
-
-
-
-
-
-
-
-
-
-

_
_:1

1
3

.1
7

-
-
-
-
-
-
-
-
-
-
-
-

1
.0

0
di

am

T
ra

n
si

ti
o

n
1

.4
-
-
t
-
-
-
-

4
.6

-
-
-
-
-
.
I

-=
==

:::
:;:

:;:
;;:

==
==

t=
==

==
==

==
==

==
t=

==
==

==
==

==
==

==
==

1--
l

(b
)

D
im

en
si

on
s

F
ig

u
re

5
.-

C
on

cl
ud

ed
.



+'
u
;j

:>
'tJ

Q) +'..... Q)

> rls::
b .....
0 rl... III..... s::

0... .....
Q) '"+' s::... Q)

III Sg. .....
'tJ

I I
Q) 0
Q)

~...
~
~ \.!)
III
~ Q)...

~.....
Ii<



3.
34

-
-
-
-
-
~

13
·1

7

~

~
I

-
-
-
-
-
-
-
-
-
-

r
-
T

I
'2

1
I

1
-

-
~

-
I

1
-

L
_

I
I

-
-

~
J

.---
--

I-

1
.5

0

11
.0

0

3.
5

4.
5

5.
5

(b
)

D
im

en
si

on
s

N
ot

e:
A

ll
d

im
en

si
o

n
s

a
re

in
in

ch
es

ex
ce

p
t

as
n

o
te

d

F
ig

u
re

6.
-

C
on

cl
ud

ed
.



,;'
;",

Base-view
I

2.0

1.0 o o o
I

00 o

1.5o
0b.....~__J-. ....... ...... ....... ........ ......

-1.5
Distance from model centerline, in.
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distribution for one of the circular exits; Moo = 4.06

Figure 7.- Model base pressure.
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Figure 7.- Concluded.
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